A B S T R A C T Glomerular filtration (GF) during progressive reduction of renal perfusion pressure by aortic clamping was studied in hydropenic rats and in rats infused with isotonic saline, hypertonic saline, or mannitol. As judged by visual observation of Lissamine green movements in superficial nephrons, GF was absent in hydropenic or saline-loaded rats at 40 mm Hg aortic pressure, but continued in some nephrons of all rats infused with mannitol and of some rats infused with hypertonic saline. Urine flow persisted only in rats infused with mannitol. By use of the qualitative Hanssen technique, it was found that all glomeruli in superficial and deep portions of the cortex were perfused at 40 mm Hg in all groups of rats. By the same method, GF continued in 1% of nephrons in hydropenic rats, 12% of nephrons in isotonic saline-loaded rats, and 78% of nephrons in rats infused with mannitol. By means of a quantitative Hanssen technique, GF was 5.8 nl/min per nephron in mannitol-infused rats and not measurable (<0.5 nl) in hydropenic rats. Superficial and deep nephrons were similar in both qualitative and quantitative studies. Although urine flow did not persist in rats infused with hypertonic saline, GF was detected in four of seven studies by the Hanssen method (mean, 9.1 nl/min per nephron). In additional experiments, mannitol infused after perfusion pressure had already been-lowered to 40 mm Hg in hydropenic rats reestablished urine flow and GF (mean, 9.8 nl/min). Furosemide, isotonic and hypertonic saline did not restart urine flow; however, GF (Lissamine green) was restarted by hypertonic saline. We conclude that mannitol can maintain or reestablish by an extratubular mechanism GF which otherwise would not occur during renal hypoperfusion. Hypertonic saline has a similar effect on GF in some cases, but urine
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INTRODUCTION
In previous studies (1) in the dog, we found that prior infusion of small amounts of mannitol would maintain glomerular filtration (GF)' even when renal perfusion pressure was reduced to less than 40 mm Hg by aortic clamping. In hydropenic dogs, there was no evidence of GF at such reduced pressures. Infusion of large volumes of isotonic saline did not maintain GF, indicating that the effect of mannitol was not due to dilution of plasma proteins. These observations suggested that mannitol might maintain GF in the hypoperfused kidney by some novel mechanism. GF was detected by visual evaluation of the movement of Lissamine green dye in superficial nephrons in these studies. The limitations of this method precluded firm conclusions regarding several important aspects of these experiments. Recently, modifications (2, 3) of the Hanssen method (4) have become available which permit more definitive and quantitative evaluation of GF in individual nephrons. We have applied these methods to extend our evaluation of the effects of mannitol on GF during hypoperfusion of the kidney. In studies in rats reported in this paper, we found that prior infusion of mannitol maintains GF which otherwise would stop when renal arterial pressure is reduced to 40 mm Hg. Moreover, when given after hypoperfusion has been induced, mannitol will restart GF which has already stopped. Therefore, mannitol apparently can maintain or reestablish GF by a mechanism which does not depend on its presence within tubular lumina.
'Abbreviations used in this paper: GF, glomerular filtration; SNGFR, single nephron glomerular filtration rate. Single nephron glomerular filtration rate (SNGFR) at reduced perfusion pressure was assessed qualitatively using a modification of the histochemical microdissection technique described by Hanssen (2) (3) (4) . A single, continuous, intravenous infusion of 0.8 ml of 20% unlabeled sodium ferrocyanide was given over a period equal to one-half the proximal tubular transit time. Immediately thereafter the entire renal hilus was ligated, and the kidney was excised and transferred to a solution of 2-methyl butane previously cooled to a temperature of -750C to -780C by immersion in an acetone-solid C02 slush. After complete freezing (45 sec), the kidney was removed and fragmented into pieces approximately 2-5 mm thick. These fragments were then transferred to a 50%o alcoholic FeCl, solution previously cooled to -32'C to -34C and placed in a freezer at -25'C. After 12-24 hr freeze-dry exchange in FeCl,, the renal fragments were washed with distilled water and placed in 20%o hydrochloric acid for maceration. After 24 hr incubation at 270C, the fragments were again washed and placed in acetic acid-ferric chloride solution (100 mg/100 ml ferric chloride and 1% acetic acid) and reincubated. 24-48 hr after maceration, 50 "superficial" nephrons (those in which at least one convolution touches the cortical surface) and 50 "deep" nephrons (those located in the innermost third of the cortex) were microdissected from four randomly selected fragments, and the presence of precipitated Prussian blue granules within glomeruli and tubules was noted. Superficial or deep glomeruli and their attached tubules were dissected as encountered without knowledge of intratubular Prussian blue content.
Quantitative SNGFR was determined using Hanssen's technique as modified by de Rouffignac, Deiss, and Bonvalet (3). An infusion of sodium ferrocyanide containing sufficient unlabeled and 14C-labeled decahydrate sodium ferrocyanide (New England Nuclear Corp., Boston, Mass.) to produce and maintain a plasma concentration of 1.5 mm and 3. ACi/ml was given intravenously. During equilibration, an intra-aortic injection of 50 Al of 10% Lissamine green was used to determine proximal tubular transit time and the time between injection and appearance of Lissamine green in surface capillaries ("appearance time"). After 10 min of equilibration, duplicate arterial plasma samples were drawn for sodium ferrocyanide-"C concentration. Immediately thereafter, 70 pl of 20% unlabeled sodium ferrocyanide was injected intra-aortically as a single, rapid, "marker bolus," and the time was recorded. After a period 0.5-1 sec less than the proximal tubular transit time, the entire renal hilus was ligated, and the kidney was excised and frozen. After freeze substitution and maceration as described above, at least three superficial and three deep nephrons were dissected from each of four randomly selected renal fragments. The entire proximal nephron (glomerulus and proximal tubule) was dissected free, divided at the front of the visible "marker bolus" of ferric ferrocyanide (Prussian blue), transferred to a scintillation vial containing 10 ml of Aquasol (New England Nuclear Corp., Boston, Mass.), and counted in a Beckman LS-200 Beta scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.) 5-jd plasma samples were counted similarly. SNGFR was calculated using the standard clearance equation in which UV represented intratubular radioactivity divided by the period of time between injection of the marker bolus and renal excision, minus appearance time. The minimum detectable SNGFR was 0.5 nl/min. This was determined by maintaining the level of radioactivity in the plasma high enough so that during the time the kidney was perfused with isotope, and assuming SNGFR was 0.5 nl/min or higher, the amount of filtrate formed would contain sufficient radioactivity to count at least twice background. In the case of the hydropenic group of rats (see below), qualitative studies had indicated that there was no visible intratubular marker bolus. Hence, the entire length of the proximal tubule to the end of the pars recta was dissected and counted for radioactivity. The entire period between the start of the ferrocyanide-14C infusion and excision of the kidney (about 10 min) was considered to be the time for calculation of nephron clearances. Nephrons were counted for at least 100 min.
The radioactivity recorded from nephrons prepared as described reflects both filtered sodium ferrocyanide (intratubular) and sodium ferrocyanide present within the glomerular capillaries and along the outer surface of the tubule. Radioactivity not attributable to filtration was determined in hydropenic animals subjected to the same reduction in renal perfusion pressure (40 mm Hg) used in the experi-mental animal. In addition, ureteral pressure was increased to 60 mm Hg in an attempt to produce a condition in which filtration would be unlikely. After 10 min equilibration with sodium ferrocyanide at the same plasma concentration as that used experimentally, renal excision, freeze-dry exchange with FeCl3 and maceration were performed. Three superficial and three deep nephrons were dissected from each of four randomly selected renal fragments. The entire proximal nephron was dissected free, divided at the end of the pars recta, and counted. A mean value of 9 cpm for this extratubular radioactivity was thereby obtained and this value was subtrated from the radioactivity present in all experimental nephron samples. In actual experiments, nephrons from hydropenic rats without elevated ureteral pressure counted at the same rate, i.e., 9 cpm/nephron, as nephrons in these rats used to determined extratubular contamination.
Since there was a 10 min "clearance" period and plasma radioactivity was about 5 cpm/nl, calculated SNGFR would still be <0.2 nl/min if all 9 counts were considered to represent filtration. However, in the mannitol and 1.7% saline groups, in which filtration occurred, cpm/nephron were only 20-50 above background. Hence, the calculated SNGFR given in the text would increase substantially if the 9 cpm/nephron found in the obstructed, hypoperfused kidneys had not been subtracted.
Animals were divided into two major groups, those receiving continuous infusions before and during serial reductions in renal perfusion pressure (prehypoperfusion group) and those receiving a similar volume given acutely after establishment of renal perfusion pressure at 40 mm Hg for at least 30 min (posthypoperfusion group). Animals in the prehypoperfusion group received one of the following infusions: 0.85% sodium chloride at 0.02 ml/min (hydropenic), 0.85% sodium chloride, 1.7% sodium chloride, or 5% mannitol in 0.85% sodium chloride, all administered at 0.11 ml/ min. Total volume infused was approximately 3-5% body weight at the time of observations at 40 mm Hg. After 1 hr of infusion, proximal tubular transit time, distribution of Lissamine green in surface nephrons, and urine flow were determined during three consecutive 10-min periods. The same observations were made after serial reduction in renal perfusion pressures to 60 and 40 mm Hg. After more than 40 min of established oliguria at a perfusion pressure of 40 mm Hg, the kidney was prepared for either qualitative or quantitative assessment of SNGFR by the appropriate method described above. Hydropenic animals in the posthypoperfusion group received 0.85% sodium chloride at 0.02 ml/min during serial reductions in renal perfusion pressure identical to those for the prehypoperfusion group. After 30 min of established oliguria at a renal perfusion pressure of 40 mm Hg, 0.85% sodium chloride, 1.7% sodium chloride, or 5% mannitol in 0.85% sodium chloride was acutely infused (0.82-1.1 ml/min) to a final volume equaling 5% body weight. Another group of hydropenic animals received two sequential doses of furosemide: 25 mg/kg acutely followed by a 30 min infusion providing 3.5 mg/kg; then 100 mg/kg acutely, followed by an infusion providing 100 mg/kg per hr. Proximal tubular transit time, Lissamine green distribution, and urine flow were determined in each group after completion of the infusion or as soon as urine flow began. Thereafter, SNGFR and whole kidney GFR were determined by the quantitative Hanssen technique and inulin-14C clearance, respectively, in the group which received mannitol.
Statistics (Fig. 3) . 100% of glomeruli from both superficial and deep nephrons of all rats studied in each group contained Prussian blue. Thus, there was no evidence of systematic or patchy nonperfusion of glomeruli by blood at an aortic pressure of 40 mm Hg.
The presence of Prussian blue granules within the tubular lumen was interpreted as evidence of glomerular filtration (Fig. 3) . The granules were readily seen and, when present, formed a scattered column over at least one-quarter the length of the proximal tubule. 50 superficial and 50 deep nephrons from several randomly selected areas of the kidney were dissected in each rat, and the number containing Prussian blue (filtering) is shown in Fig. 4 . In hydropenic rats, <1% of all nephrons filtered. In rats infused with 0.85% saline, 12% filtered. In rats receiving mannitol, 76% of nephrons were filtering at 40 mm Hg perfusion pressure. The difference between the mannitol group and either the saline or the hydropenic group was highly significant (P <0.01). On the other hand, saline-expanded and hydropenic animals were not statistically different (P > 0.1). GF was also evaluated separately in superficial and deep nephrons. There were no significant differences between superficial and deep nephrons within each group. Moreover, the differences among the three groups described above were true as well of superficial and deep nephrons, treated as separate groups statistically.
Single nephron glomerular filtration rates (SNGFR) estimated by the quantitative modification of the Hanssen technique are shown in Table I . In a total of 100 nephrons from five hydropenic rats, SNGFR was uniformly too low to measure (< 0.5 nl/min). There was no significant difference between SNGFR of 50 superficial and 50 deep nephrons, either in individual experiments or in total (P > 0.5). The seven rats infused with 1.7% saline fell into two groups. In the three rats in which there was no evidence of superficial nephron function as judged by appearance of Lissamine green in surface tubules, GF was uniformly absent from both superficial and deep nephrons. There were no differences either in individual experiments or in total between 37 superficial and 37 deep nephrons dissected (P > 0.2). In the other four rats infused with hypertonic saline, in which Lissamine green was seen in some nephrons, mean SNGFR was 9.5 nl/min (89 nephrons). GF was detected in more than 90% of nephrons dissected. There was no significant difference between superficial and deep nephrons in individual experiments or in the combined 45 superficial and 44 deep nephrons (P > 0.5). Six rats received an infusion of 5% mannitol. Since urine flow occurred, it was possible to measure an inulin clearance of 0.12±0.03 ml/ min. Mean SNGFR in 121 nephrons was 5.8±1.3 nl/ min. GF was measurable in more than 90% of nephrons dissected. Deep nephron GFR was significantly greater (P < 0.05) than superficial nephron GFR in two of five rats studied. When all experiments were combined, however, superficial (61 nephrons) and deep (60 neph- . preliminary experiments and proved ineffective. Only when volumes of mannitol equivalent to 3-5% of body weight had been infused were urine flow and GF (Lissamine green) maintained at 40 mm Hg in rats. Thus, the effect of mannitol to maintain GF is present in both rats and dogs, but the dog appears to be much more sensitive to this action of mannitol.
We adjusted the level of plasma radioactivity so that as little as 0.5 nl of GF per nephron would have resulted in accumulation of counts equal to twice background during the 10 min interval used to measure GF in hydropenic rats. No GF was detected by this quantitative method in hydropenic rats when renal arterial pressure was reduced to 40 mm Hg. During infusion of mannitol, GF was 5.8 nl/min per nephron at the same arterial pressure. GF was 9.8 nl/min per nephron in rats infused rapidly with an equivalent volume of mannitol after GF had been interrupted by arterial clamping. These differences in GF persist for at least 30 min to 1 hr after the pressure of 40 mm has been set. GF can be restarted with mannitol within 5-10 min after the requisite amount has been infused. These data demonstrate conclusively that mannitol will maintain or restart GF which otherwise would not occur during hypoperfusion of the kidney.
What mechanisms might account for this striking effect of mannitol? The rate of GF depends on the renal plasma flow and on the balance of Starling's forces across the glomerular capillaries. The three principal Starling forces are glomerular capillary oncotic pressure, glomerular capillary hydrostatic pressure, and intratubual hydrostatic pressure. Thus, four general categories of mechanisms must be considered: (a) decreased plasma oncotic pressure; (b) decreased intratubular pressure; (c) increased gloanerular capillary pressure; (d) increased renal plasma flow to glomeruli (glomerular perfusion rate).
Since relatively large volumes of mannitol were infused, plasma protein concentration and hence plasma oncotic pressure, although not measured, undoubtedly fell by 15-25%. However, infusion of equal or greater volumes of isotonic saline did not maintain or reestablish GF. The calculated fall in plasma protein concentration should have been at least as great with saline as with mannitol. Indeed, about 20% of the infused volume of mannitol was excreted in the urine during the period required for stepwise reduction of arterial pressure to 40 mm, while virtually none of the saline volume was excreted. Moreover, a volume of saline equal to 5% of body weight had no effect on GF while mannitol equal to 3% of weight was effective. Thus, the effect of saline on plasma protein should have exceeded that of mannitol in some cases. Finally, in our previous studies in dogs (1) , infusion of saline equal to 10% of weight failed to maintain GF, while 1/20 as great a volume of mannitol was effective. Thus, reduction of plasma oncotic pressure by simple dilution of plasma proteins does not appear to be the mechanism of the effect of mannitol on GF. For identical reasons, direct or indirect effects of expansion of extracellular fluid volume per se cannot be the explanation of this action of mannitol.
We have no information on possible changes in intratubular pressure in our experiments. However, it seems reasonable that intratubular pressure would decrease during hypoperfusion of the kidney at arterial pressures below the autoregulatory range and it is known to increase during mannitol infusion (5) . If similar changes occurred in our experiments, i.e. increased intratubular pressure after mannitol, this would, of course, oppose rather than enhance GF. Furthermore, the ability of mannitol to restart GF after it has already stopped would require that intratubular pressure be reduced by an extraluminal action. It is conceivable that swelling of tubular epithelial cells due to entrance of sodium and water during renal hypoperfusion could occlude tubular lumina. Mannitol might relieve swelling by osmotic removal of water from swollen cells and thereby relieve intratubular obstruction. We have no evidence pertaining to such a mechanism.
Some evidence (6) (7) (8) supports the concept that redistribution of blood flow away from superficial glomeruli may occur during renal ischemia. In renal hypoperfusion induced by hemorrhage, radioxenon studies have suggested patchy ischemia of superficial cortical areas and diversions of blood flow to deep zones (6, 7) . During arterial clamping, some redistribution of flow to deeper cortical areas has also been described (8) . It was conceivable that redistribution of renal plasma flow away from superficial glomeruli during arterial clamping with restoration of the normal pattern of flow by mannitol might occur. Such a phenomenon could account for our present and previous (1) observations with Lissamine green, which are limited to superficial nephrons. However, the present data obtained with the Hanssen technique rule out total diversion of plasma flow from any groups of nephrons. We carefully chose a number of random pieces from each kidney to perform microdissections. All glomeruli in both superficial and deep zones of the cortex contained precipitated Prussian blue dye, indicating perfusion of all glomeruli, at least to some extent. It must be stressed that the appearance of dye crystals in a glomerulus is evidence only that the glomerulus was indeed perfused with blood but gives no information whatever on the rate of flow. Nevertheless, complete diversion of plasma flow from patchy superficial areas or from the superficial cortical zone as a whole is ruled out. Moreover, the excellent agreement between superficial and deep nephron GF rates in all groups of rats we studied argues strongly against redistribution of blood flow to deep nephrons as the major mechanism. In hydropenic rats, GF stopped in both deep and superficial nephrons during hypoperfusion. During mannitol infusion, both groups of nephrons filtered at about the same rate. Thus, mannitol appears to act by a mechanism which affects GF in nephrons in superficial and deep zones of the cortex more or less equally.
Recently, Flores-Calle, Beck, DiBona, Marcilio, and Leaf (9) have reported that the intrarenal vasculature failed to fill normally when the renal artery was released after 2 hr of complete obstruction. Hypertonic mannitol reversed this "no-reflow" phenomenon and permitted relatively normal filling of the entire intrarenal vasculature. Based on similar work in cerebral vessels (10) , these authors suggested that swelling of postglomerular capillary endothelial cells occurs during arterial occlusion, due to failure of the pump which maintains normal cell volume by extruding sodium. When arterial flow is reestablished, occlusion of postglomerular capillaries by swollen endothelial cells prevents reestablishment of renal blood flow. The authors postulated that hypertonic mannitol, relatively impermeant across cell membranes, induces water movement out of swollen cells by increasing effective serum osmolality. There are several differences between their studies and our own which lead us to doubt the applicability of their ingenious suggestion to our model. Their technique involves complete occlusion of the renal circulation for 2 hr, whereas renal blood flow, although reduced, undoubtedly continued in our experiments. This is evidenced by the appearance of Prussian blue crystals in all glomeruli in hydropenic rats. Moreover, direct measurement of renal blood flow at an arterial pressure of 45 mm in the dog reveals that it is about one-half of normal (8) . It seems unlikely that endothelial cell swelling due to hypoxia would occur when these cells are exposed directly to such high absolute blood flow rates. Secondly, both in our current rat and in our previous dog studies, 5% mannitol was infused rather than the 25% solution employed by Flores-Calle and colleagues (9) . According to their formulation, isotonic mannitol as used in our experiments should not be effective. Nevertheless, other of our data would fit their hypothesis. The mannitol given to rats (but not dogs) was infused in 0.85% saline; therefore, total osmolality presumably increased during the infusion. Moreover, in one-half or more of the rats, infusion of a comparable volume of 1.7% saline maintained GF at the same level as mannitol infusion, when arterial pressure was reduced to 40 mm Hg. We have no direct information on endothelial cell swelling or total renal blood flow in our rat model, however. Hence we consider it possible that in hydropenic rats in which arterial pressure is maintained at 40 mm Hg for some time, renal blood flow is reduced to very low levels by vascular endothelial obstruction which can be relieved by mannitol.
Finally, it is possible that renal blood flow is reduced only moderately at 40 mm Hg in our model, as in other studies in which partial arterial clamping has been performed (8) , but that increased afferent arteriolar resistance reduces effective filtration pressure to zero and thereby stops GF. Within the range of autoregulation, total renal vascular resistance falls as arterial pressure is reduced (11) , and the bulk of evidence indicates that the afferent arterioles progressively dilate. However, when arterial pressure is reduced below 80 mm Hg, renal blood flow falls progressively. Some studies (12) suggest that renal vascular resistance may increase at pressures comparable to those we used in our experiments. In normal rats, about one-half of the arterial blood pressure is transmitted to the glomerular capillaries (13) . If afferent arteriolar resistance fell to zero and arterial pressure were transmitted completely to glomerular capillaries, glomerular pressure in our experiments would, of course, be 40 mm Hg. If plasma oncotic pressure were 25 and intratubular pressure were reduced to about 5, net filtration pressure would approximate 10 mm Hg, i.e., about one-half the normal value of 18 (13) . If total plasma flow is about one-half of normal at 40 mm Hg (8), GF would be about one-fourth the normal value. This is about the rate of nephron GF observed in rats infused with mannitol. The data would, thus, be consistent with the view that afferent arterioles are widely dilated in rats infused with mannitol at a renal artery pressure of 40. Obviously, by the same reasoning, afferent arterioles would not be fully dilated at the same arterial pressure in hydropenic rats.
What might cause afferent arterioles presumably widely dilated at 80 mm Hg (11) to become less open at 40 mm Hg? One possibility is the endothelial swelling mechanism of Flores-Calle and associates (9) , transferred to the afferent arterioles. The arguments for and against the application of their hypothesis to our studies have been outlined already. Another possible cause of arteriolar constriction would be an effect of angiotensin, formed at the juxtaglomerular apparatus and acting locally. Although there has been controversy about the intrarenal formation of angiotensin II, some recent work (14) supports the possibility. Mannitol is known to decrease renin release from hypoperfused kidneys (15, 16) . In the experiments of Fojas and Schmid (16) in dogs, mannitol reduced renin production by the kidney significantly at 50 mm Hg arterial pressure. If mannitol acts through alterations in the renin-angiotensin system in our experiments, its effect must be exerted at an extratubular locus, since it restarted GF in nephrons in which it had already stopped. Such an effect could be exerted at the juxtaglomerular apparatus or by some contraluminal effects on the macula densa cells of the distal tubule, which are thought to play a role in controlling renin secretion (17) . Obviously, until there is direct evidence of increased afferent arteriolar resistance or for any of these mechanisms, the foregoing represents merely informed speculation.
In conclusion, our data indicate that nephron GF can be maintained at about one-fourth of normal during hypoperfusion by mannitol or, in some cases, by hypertonic saline. However, the latter, even when it maintains GF, does not relieve anuria. Thus, we conclude that mannitol can maintain GF by an unknown action and can prevent total reabsorption of the filtrate, presumably by its intratubular action as an osmotic diuretic. Hypertonic saline shares the action on GF to some extent but lacks the osmotic diuretic effect; hence, filtrate is completely reabsorbed. The observations on maintenance of urine flow by mannitol during hypotension fit with those of Peters and Brunner (18) and the earlier work of Coelho and Bradley, using glucose or diodrast infusions (19) . The latter authors assumed that GF continued even in hydropenic dogs when renal perfusion pressure was reduced below 60 mm Hg and that glucose and diodrast maintained urine flow solely by acting as osmotic diuretics to prevent complete reabsorption of filtrate. Peters and Brunner (18) , on the other hand, suggested from indirect evidence that hypertonic mannitol reestablished GF which had stopped. Our data demonstrate conclusively that this suggestion is correct. A number of investigators have found that mannitol (20) (21) (22) (23) and other hypertonic solutions (24) can increase renal blood flow and decrease renal vascular resistance in the normal dog kidney. It seems plausible that renal vascular resistance is increased in the hypoperfused rat kidney, perhaps at the afferent arterioles.
Mannitol could decrease resistance to blood flow by a vascular effect, exerted either on swollen endothelial cells (9) or on smooth muscle.
